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@ Electronic zoom for wide-angle line scanners. 

® Electronic detector-an-ay synthesis techniques 
provide fast, precise and accurate digital control of 
electronic zoom for electro-optical scanning sys- 
tems. 

The output signals (34) of exponentially-spaced 
detectors (52-67) are first added to synthesize (38) 
several binary-sized groups (Ix-n, 2x-n, 4x-n, 1/2x-n. 
1/4x-n) of n equivalent detectors (for n recording 
channels). These groups (40) are sequentially se- 
lected (42) by multiplexers (106) controlled by the 
most-signrffcant bits (m.) of the size-control word 
(m.c). The selected group (44) of signals are Interpo- 
lated (46) by a voltage-divider network (or by time- 
division multiplexer network) over a size variation of 
a factor of two, controlled by the least-significant bits 
(.c) of the size-control word (fig 13). 

Scaling is provided by sampling (136), digital 
conversion (140) and temporary storage (144) of the 
n signals (48) at a rate directly proportional to instan- 
tenous range R (H/COS(A)). The n synthetized de- 
tector signals (142) are stored and converted back to 
analog signals at a constant rate for display or 
recording. 



SIZE* 

SYWTHEaizfp curpvn 




4i 



2!^ 



-54 



S8 



^54 
^97 V 



OETICTOB , 
O-tMEWT AWUY 

V 1«.T. 



SIZE SYNTHUIZCR 



9 



i 



38 

F/ff . IOq 



EPO 



BACKGROUND OF THE INVENTION 

I. Field of ttie Invention: This Invention relates 
generally to an electro-optical system, as for in- 
stance infrared line scanner (IRLS) systems, 
forward-looking Infrared (FLIR) imaging systems, 
infrared search/track systems, laser printers and 
other electro-optical systems employing detector- 
array and/or emitter-array scanning with the re- 
quirement for fast, precise and accurate control of 
resolution and/or field coverage with electronic 
zoom. 

II. Discussion of the Prior Art: Refenring to 
Rgure 1 , infrared line scanners (IRLSs) Installed in 
reconnaissance aircraft typically use a linear detec- 
tor an-ay. i.e. a detector array consisting of a line of 
uniformly -spaced, equal-sized detector elements. 
The linear array is scanned over a constant-width 
swath on the ground at a constant angular rate In a 
plane normal to the aircraft (A/C) flight-track line. 
The direction of this flight-track line is commonly 
referred to as "along track" (ALT), while the scan 
direction is called "across track" (ACT). 
Opto-mechanical ACT scanning typically is pro- 
vided by a Kennedy-type scanner (US-A- 
3,211,046). The detector elements of the linear 
array are Individually connected one-to-one to a 
corresponding number of recording channels, ei- 
ther for electronic recording (as in Rgure 2) or for 
film recording (as in Rgure 5). 

, Since the A/C velocity (V>vc) provides the IRLS 
scanning motion of the array in the ALT direction 
on the ground and recording is done in a rectilinear 
fonnnat (X-Y Cartesian coordinate system) with a 
fixed number of recording channels during a given 
ACT scan, a constant-width swath of ground imag- 
ery must be recorded during each scan for contig- 
uous imagery recording in which successive scans 
are properly spliced together along the entire 
length of each scan. The width of the swath re- 
corded during each scan period (Tscan) must equal 
the product: Va/c -Tscan. which is the ALT distance 
advanced by the A/C in each scan period. Further- 
more, since the number of recording channels and 
the recorded swath-width must be constant during 
a given scan, the recorded imagery must have a 
constant ALT ground scale and "resolution" during 
a given scan. Further, the ACT scale must be 
maintained equal to the ALT scale to maintain 
aspect ratios of the ground imagery. These require- 
ments have been satisfied In prior art IRLS sys- 
tems by restricting operation to higher altitudes and 
limiting scan angles to approximately 30 degrees 
from nadir. 

Maintaining the recorded swath-width precisely 
equal to the distance advanced per scan is a 
fundamental IRLS requirement if contiguous imag- 
ery in successive scans is to be attained. This 
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requirement has previously been met by different 
combinations of techniques, such as varying the 
optical scan rate, varying the number of channels 
recorded, varying the film speed used with a CRT 
a film writer/recorder and switching to additional de- 
tector arrays of differing sizes to compensate for 
A/C altitude and velocity variations. There is a need 
to avoid the inevitable disadvantages in cost, com- 
plexity and performance limitations associated with 

10 these known techniques while providing 
continuously-optimized performance. 

Even with this complexity of controls, known 
prior art systems must operate within a very limited 
scan angle for a substantially constant range during 

76 a given scan, to prevent "bow tie" image distor- 
tions (shown in Rgure SB) due to a fixed array 
image being swept out over the ground with ever- 
larger "foot prints" as range, R, increases with 
wide-angle scanning. The "twjw tie" distortion is 

20 occasioned by the failure to maintain tiie recorded 
swath-width constant, equal to the distance ad- 
vanced by the aircraft per scan. Thus, it is evident 
that prior art IRLS systems are inherentiy incapable 
of providing wide-angle operation without serious 

25 image distortions. 

However, a real need exists for a very wide- 
angle IRLS scanning capability. For example, very 
wide-angle coverage is a fundamental requirement 
for adequate ground coverage in tactical reconnals- 

30 sance missions In which survival necessitates the 
extremely low-aftitude A/C operation now permitted 
by automatic terrain-following A/C flight control. 

Prior art IRLS design must be improved witii 
some form of exti-emely fast optical zoom or mag- 

35 nification control to meet these new requirements 
for very wide-angle operation. The zoom or mag- 
nification must be continuously and precisely con- 
trolled to be proportional to range during the ACT 
scanning motion, with range varying typically by a 

40 factor of at least one hundred to one. Instantaneous 
range must be computed from A/C altitude above 
ground level (AGL): H and scan angle from nadir: 
A. With scanning rates in the order of hundreds of 
scans per second and with requirements for fast 

45 (f/l), high-resolution diffraction-limited optics, use of 
any known opto-mechanical zoom design is obvi- 
ously not feasible. 

Optical scanning systems which compensate 
for range variation witii scan angle only in the ALT 

60 axis are described in US-A-4,782,228. These sys- 
tems provide anamorphic zoom, viz.. In the ALT 
direction only. They must be used witii prior tech- 
niques to compensate for A/C altitude and velocity 
variations. 

65 

OBJECTS OF THE INVENTION 

The fundamental object of Uie present inven- 



2 



EP 0 503 103 A1 



Hon Is to maximize the image-Information capacity 
of IRLS systems by providing a two-dimensional 
image-mapping function that maps a constant-ALT- 
width swath of ground imagery onto a constant- 
width recorder/display rectilinear format, and that s 
maps imagery ACT with the same scale as ALT in 
order to preserve aspect ratios of the' imagery in 
object space; such that, imagery so-mapped and 
displayed to the eye, would have the same local 
spatial relations as if viewed directly from the air- io 
craft with an infrared-sensitive eye. This fundamen- 
tal objoct is accomplished by the characterizing 
features of claim 1, I.e. by providing electronic 
zoom which continuously maintains constant ALT 
and ACT spatial sampling rates on the terrain nor- 15 
mal to the iino-of-sight (LOS) during the IRLS sys- 
tem scans of the terrain. Further advantageous 
embodiments of the inventive electro-optical sys- 
tem may be taken from the dependent claims. 

The present invention provides a very fast 20 
electronic electro-optical equivalent of the optical- 
zoom or magnification control required to provide 
contiguous imagery in successive scans with very 
wide-angle IRLS operation. 

It provides imagery with constant ground scale ss 
to avoid the imagery-mapping distortions inherent 
with variations in ground scale due to range vari- 
ations during continuous recording. 



SUMMARY OF THE INVENTION 
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The present invention teaches the principle of 
detector-array synthesis and sampling-control with 
a virtually-continuous zoom/scale-control capability. 
Complexity and cost are minimized by use of non- 35 
linear detector arrays, i.e. arrays in which a line of 
detector elements are non-uniformly spaced, and 
generally,, but not necessarily, have a size equal to 
their spacing. The non-linear arrays are sampled 
with an electronic multiplexer system to provide the 4o 
required mapping. The multiplexers, are controlled 
by digital-control techniques which provide a prac- 
tically unlimited range of precise, reliable 
zoom/scale control. 

The basic principle behind the synthesis tech- 45 
nlque of the present Invention Is that, since detec- 
tor arrays constitute a radiometric-imagery 
sampled-data system, samples can be averaged 
and interpolated (within the well-known limits of 
sampled-data systems) to synthesize a new an-ay 50 
of samples, equal to those which would be gen- 
erated by a detector anray of the desired size. 

In the IRLS application, a fixed number of 
synthesized detector signals are generated, equal 
to the fixed number of recording channels deter- 55 
mined by resolution requirements. In summary, the 
ALT and ACT sampling rates are ideally equal and 
directly proportional to instantaneous range during 



the IRLS scan. 

The preferred synthesis embodiments take ad- 
vantage of very-high-speed electronic analog-signal 
multiplexing techniques for analog-signal selection 
and addition, and voltage-divider or time-division 
multiplication techniques for analog-signal interpo- 
lation, which can accommodate the video band- 
widths encountered in current systems. However, 
digital processing techniques will be well-suited to 
the synthesis requirements when their signal-pro- 
cessing throughput and cost-effectiveness ade- 
quately improves. 

There are two preferred ALT detector-an^y 
synthesis techniques, which are capable of main- 
taining the ALT sampling rate directly proportional 
to the instantaneous range to the ground image 
being scanned. 

The first ALT prefen'ed synthesis technique 
involves the use of two-stage ALT scaling. Rrst, 
detector signals are added to synthesize several 
binary-sized groups of N equivalent detectors (for 
N recording channels), with groups sequentially 
selected by multiplexers controlled by the most- 
significant bits (MSBs) of the an-ay size-control 
word. Then, the selected group of signals are inter- 
polated by a voltage-divider networi< (or by various . 
forms of a time-division multiplexer) over a size 
variation of a factor of two, controlled by the least- 
significant-bits (LSBs) of the size-control word. The 
operation is analogous to the MSBs and LSBs of a 
digital-to-analog converter (DAC) which interieave 
to produce a virtually continuous linear conversion. 

The second ALT preferred synthesis technique 
generates N equivalent-detector signals directly in 
a single stage of time-division multiplexing which 
simultaneously selects and interpolates detector 
signals to produce a set of signals equivalent to the 
synthesized array. 

After the larger number of detector signals is 
reduced to N (the number of recording channels) 
by the ALT-scaling analog-signal multiplexing, ACT 
scaling Is provided by sampling and digital conver- 
sion and temporary storage of the N signals at a 
rate directly proportional to instantaneous range. 
The N synthesized detector signals are stored 
digitally and converted back to analog signals at a 
constant rate for display (and for high-density re- 
cording on film or on magnetic tape) with constant, 
and ideally equal, scale in both the ALT and ACT 
directions. In this fashion, the ACT electronic 
temporal-sampling rate combined with the ACT op- 
tical spatial-scan rate produce an equivalent ACT 
spatial-sampling rate equal to, or directly propor- 
tional to, the required Instantaneous spatial-sam- 
pling rate of the synthesized ALT detector array. 

Further teachings of the present invention are 
with regard to practical implementation efficiencies 
which can be achieved by use of: 
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1. Exponential scaling of detector anrays. with 
the most efficient being binary (exponential base 
2): 

2. Simplified size-select multiplexer control with 
logarithmic scaling of the digital size-control 
word; 

3. Size interpolation with logarithmic scaling, 
which minimizes size-control word LSB-quan- 
tization errors due to all LSBs being a constant 
(minimum) percentage; 

4. Binary-tree, size-synthesis topology which 
minimizes hardware and reduces electronic 
cross-talk which is an inherent multiplexer prob- 
lem at video-signal rates; 

6. Synthesis of a large number of arrays from a 
single anray, rather than the inefficient use of a 
number of separate, redundant arrays as in prior 
art; 

6. Resolution-controlled digital conversion, which 
minimizes the digital storage capacity required 
to meet a specifred reconnaissance-imagery in- 
formation content; and 

7. Electronic multiplexing techniques with wide- 
dynamic-range digital control for two-dimension- 
al sampling and interpolation scaling. 

The foregoing objects and advantages of the 
invention will fc>ecome apparent to those skilled In 
the art from the following detailed description of a 
preferred embodiment when taken in conjunction 
with the accompanying drawings in which like nu- 
merals In the several views refer to corresponding 
parts. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates the IRLS scanning ge- 
ometry allowing contiguous im- 
agery by properly splicing suc- 
cessive scans of detector arrays 
over the ground; 

Rgure 2 illustrates diagrammatically the 
IRLS principle of recording N 
channels of IR data with an N- 
channel magnetic-tape recorder; 

Figure 3A illustrates graphically the Image- 
plane, normal to the line-of-sight 
(LOS), uncompensated sampling; 

Rgure 3B illustrates graphically the object- 
plane, normal to the LOS, un- 
compensated sampling; 

Figure 30 shows an elevation view of the 
ground-plane, uncompensated 
sampling; 

Figure 4A Illustrates graphically the Image- 
plane, normal to the LOS, com- 
pensated sampling; 

Figure 4B illustrates the object-plane, nor- 
mal to the LOS. compensated 



sampling; 

Figure 40 is an elevation view of the 
ground-plane, compensated 
sampling, across-track (ACT); 

5 Figure 4D shows the mapping resulting 
from the required compensated 
sampling, which has a spatial 
rate proportional to H/COS (A), 
resulting in mapping mathemat- 

10 icalty identical to the Mercator 

projection; 

Rgure 5 illustrates diagrammatically the 
IRLS principle of recording N 
channels of IR data with an N- 
76 beam cathode-ray-tube (CRT) 

film writer 

Rgure 6 is an optical ray-trace diagram 
useful in deriving the geometrical 
relations necessary to satisfy the 

20 fundamental IRLS requirement in 

accordance with the teachings of 
the present invention; 
Rgure 7 is a computational flow diagram 
illustrating digital-signal genera- 

25 tion for ALT and ACT IRLS zoom 

control; 

Rgure 8 is a functional block diagram of 
the two-stage ALT-signal pro- 
cessing functions of a spedfic 
30 embodiment of the present in- 

vention, in which detector ele- 
ments are arrayed exponentially 
discretely in groups of two 
equal-sized elements per octave; 
35 Rgure 9 illustrates a non-linear exponen- 
tial detector anray configured to 
facilitate the compensated sam- 
pling of Rgures 4A. 4B and 4C 
with the ALT signal-processing 
40 functions of Rgure 8, in which 

detector elements are an-ayed 
exponentially discretely in 
groups of two equal-sized ele- 
ments per octave; 
is a functional schematic imple- 
mentation of the size synthesizer 
and the discrete exponential ar- 
ray of Rgure 9; 
Rgure 10B Is an alternate configuration of 
50 the discrete exponential detector 

array of Rgures 9 and lOA in 
which elements are arranged In a 
continuous exponential function; 
Rgure IOC Is an alternate configuration of 
55 the discrete exponential detector 

array of Rgures 9 and 10A, with 
all equal-size detector elements 
on the same centers; 



45 Rgure IDA 



4 



EP 0 503 103 A1 



Rgure 10D Is an alternate configuration of 
the discrete exponential detector 
array of Figures 9 and IDA. with 
three equal-sized elemenls per 
octave and the corresponding 5 
functional schematic implemen- 
tation of the size synthesizer; 

Figure 11 is a binary-tree operational dia- 
gram of Figure 10 for the synthe- 
sis of integer detector-element 10 
sizes; 

Rgure 12 is a binary tree operational dia- 
gram of Rgure. 10 for the synthe- 
sis of fractional detector-element 
sizes; 

Rgure 13 is a functional schematic of the 
remaining two functional blocks 
of Rgure 8, consisting of size- 
select multiplexers and a signal 
interpolator multiplexer; 20 

Rgure 14 is a practical embodiment of the 
signal-interpolator schematic of 
Rgure 13, which uses multi- 
plexer taps on a resistor signal 
divider for discrete digital con- 25 
trol; . 

Rgure 15 is an improved embodiment of 
the schematic of Rgure 13, 
which uses size-select multiplex- 
ers and electronic multipliers for 
proportional control: 

Rgure 16 is a simplified, improved embodi- 
ment of the functional schematic 
of Rgure 13. which uses mul- 
tiplexers for time-division multi- 35 
plication with proportional con- 
trol; 

Rgure 17 is a phase diagram defining the 
time-division multiplication func- 
tion of Rgure 16: 4q 

Rgure 18A is a multiplexer control block dia- 
gram for the control of the mul- 
tiplexers of Rgure 16; 

Rgure 18B is a multiplexer-control truth ta- 
ble for the multiplexers of Rgure 45 
18A; 

Rgure 19 is a precision embodiment of the 
simplified schematic of Rgure 
16. which combines electronic 
switches with time-division mul- so 
tipllcation for precision control; 

Rgure 20 Is a phase diagram defining the 
time-division multiplication func- 
tion of Rgure 1 9; 

Rgure 21 is a multiplexer-control block dia- ss 
gram for ttie control of multiplex- 
ers of Rgure 19; 

Rgure 22 is a switch-control timing dia- 
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gram useful in tiie understanding 
of the multiplexer control of Rg- 
ure 21 ; 

Rgure 23 is a wide dynamic range time- 
division multiplexer and control 
block diagram of an ALT-signal 
processing technique which is an 
alternative to the two-stage size 
synthesis and interpolation pro- 
cessing functions of Rgures 8 to 
22, which uses the decoding in- 
herent to cascaded analog mul- 
tiplexers to cover the entire dy- 
namic range; 

is a more efficient alternative 
configuration of Rgure 23 in 
which the wide dynamic range 
digital control decoding is com- 
pletely extemal to the multiplex- 
ers, such that only a single pair 
of multiplexers is required; 
Rgure 25 is a state diagram defining tfie 
multiplexer digital control func- 
tions of Rgure 24; 
Rgure 26 is a high-efficiency alternate con- 
figuration of Rgure 24. which 
uses a single size-synthesizer,- 
select.H'nterpolator multiplexer for 
each output signal; 
is a functional block diagram of 
the ACT signal-processing func- 
tions of a specific embodiment of 
the present invention, which use 
a digital memory with a variable 
WRITE rate: and 
Rgure 28 is a functional block diagram of 
the ACT signal-processing func- 
tions of a specific embodiment of 
the present invention, which use 
a catiiode-ray-tube film writer 
with a variable controlled writing 
rate. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIfwIENTS 

Referring again to Rgure 1, the general geo- 
meti-ical, definitional and relational aspects of ttie 
invention will be described. The IRLS records N 
channels of infrared (IR) imagery from a constant- 
wldtti ground-swath during each scan. The widtii of 
tills swatii is equal to tiie forward distance ad- 
vanced by the IRLS during each scan period re- 
ferred to as "T scan". Witti an aircraft (A/C) 14 or 
14' having a velocity vector 8 labeled: VA/C. tiiis 
swatii-widtii equals VA/C Tscan. The ground-Imag- 
ery sampling Interval equals ttiis swatfi-width di- 
vided by N where N is the number of channels 
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recorded. This intervaJ Is often called "ground reso- 
lution" because the number of recording channels 
equals the number of detector channels uniformly 
distributed over the Image of this swath in the focal 
plane of the IRLS. Subsequent scans record con- s 
tiguous ground swattis, each consisting of N detec- 
tor channels and N recorder channels. 

During each scan, the range: R identified by 
lines 10 and 10' for Wgh and low flying A/C respec- 
tively, is equal to H/COS{A), where H is tiie A/C 10 
altitude, AGL, tiie true height above ground level 
during each scan, and A Is the scan angle from 
nadir. The optical scan rate 0 is measured in 
radians per second. 

Rgures 2 and 5 illustrate diagrammaticafly the is 
IRLS principles of recording N channels of IR data 
on magnetic tape and on film. Synchronism for 
recording control on line 152 is provided by scan 
angle, A. and scan rate 0. The IRLS lens 18 
images object-space scan-swath Indicated by dou- 20 
ble arrow 15 at a range, R, onto the N-element 
linear detector array 16, with a focal length, F. In 
Figure 5, electi-on lens 164 of CRT film writer 
recorder scans the image 160 of N-beam array 162 
over film 168 synchronously with Uie scan of IRLS 25 
lens 18. Rim 168 is moved synchronously with the 
VA/C/H of ground Image in prior art systems and at 
constant speed in the present invention. In Figure 
2, in a manner analogous to tiie film recording of 
Rgure 5, electronic-data manipulation stores the IR 30 
data on magnetic tape for subsequent retrieval and 
display, typically on a TV monitor using a TV 
fonmatter. 

Both of tiiese technologies are well known and 
need not be described herein with further detail. 3s 
They are simply provided to establish ttie context 
of the present invention In which signal-processing 
mapping electronics, to be described, are added 
between amplifiers 7 and the IR data recording 
means of Rgures 2 and 5 which, along with a 40 
uniquely-configured detector arrays, constitute one 
novel aspect of the present invention. 

Referring now to the equivalent optical sche- 
matic of tiie IRLS shown In Rgure 6. tiie ALT 
ground-swatti-width: v 45 

VAJcTscanp is Imaged on the IRLS focal plane 16 by ^ 
the IRLS lens 18 having a focal length, F. The 
swath-wldtii In the Image plane 16 Is equal to tiie j 
product: VA«;Tecan times the IRLS optical magnlfica- / 
tion ratio F/R due to imaging with a focal length F S so 
at a range R. Thus, with N detector/recorder chan- / 
nels (Rgs. 2 and 5), the sampling Interval, Sai], In I 
the Image plane 16 equals this swath-width image \ 
in tiie focal plane divided by N: \ 

\66 

(1) Sa,, = (VA;cT,canF/R)/N = (Va^^W) C03(A) 
T««,F/N / 
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The spatial frequency at which ttiese sampling 
intervals occur is commonly called tiie spatial sam- 
pling rate. The theoretical maximum limit of Image 
frequencies which can be sampled and recon- 
structed without imagery "aliasing", introduction of 
artifacts, is called the Nyquist limit, which is exactiy 
one-half tiiis spatial sampling rate. 

The equivalent temporal sampling interval: tg in 
tiie ACT scan direction, corresponding to the spa- 
tial sampling Interval Sait in the ALT direction, is 
given by equating ACT angular sampling Intervals: 

(2) Q ta = Sait/F 

Since the ACT temporal sampling frequency 
f8 = l/ts, tile temporal sampling frequency, fg, re- 
quired for equal sampling intervals ALT and ACT 

is: 

(3) f, = n F/Sert 

This is the temporal sampling frequency re- 
quired to avoid anamorphic imaging distortion in 
which tiie ACT scale (image magnification) differs 
from tiie ALT scale of equation (1). It will be 
understood by ttiose skilled In the art that practical 
anti-aliasing filters will require somewhat higher 
sampling frequencies in analog-to^igital conver- 
sions which will be compensated by proportionally 
higher rates of digital-to-analog conversion for dis- 
play, to maintain the desired imagery aspect ratio 
without anamorphic distortion. 

Thus, it is seen that ALT and ACT sampling 
frequencies and Intervals must be dynamically con- 
trolled as a function of Va/c* altitude,, H, and the 
scan angle, A. as well as tiie fixed parameters of 
tiie IRLS. 

The aforementioned distortions are shown 
graphically in 

Rgures 3A tiirough 3C which illustrate ttie 
ground-swath of an uncompensated IRLS scanner 
with a fixed, linear detector array swept through an 
angle of -80* to +80*, which is significantly less 
than typically-required coverages of -89.5* to 
89.5', for clarity of exposition. Rgure 3A shows 
image-plane normal to LOS uncompensated sam- 
pling; Rgure 3B shows object-plane, normal to tiie 
LOS, uncompensated sampling; Rgure 3C shows 
an elevation view of tiie ground-plane uncompen- 
sated sampling. It is essential to tiie complete 
understanding of tiie present Invention to observe 
tiiat Image magnification and scale are always re- 
ferred to Image planes, containing a detector anray, 
and object planes, containing a ground-Image 
plane, which are normal, i.e.. perpendicular to, the 
instantaneous LOS determined by tiie scan angle 
A. as explicitiy shown in Rgures 3C and 4C. This 
shows tiie bow-tie distortion pattern tiiat results 
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from a constant sampling frequency and a constant 
magnification due to a fixed anray, as Is common In 
conventional IRLS systems, In which the overlap of 
successive scans at higher scan angles results in 
loss of image-infonmatlon content. In this example, 5 
each swath is comprised of N = 8 recording 
channels indicated as T1-T4 and T'1-r4 on either 
side of the ALT centeriine. For each channel, 
radiometric data is shown being sensed over a 
one-degree arc segment integrated and converted to 
to a digital value. Thus, each square corresponds 
to a one-degree digital sample at one instant in 
time in one channel. This sample is commonly 
referred to as a pixel (picture element). 

In practical systems, it is understood that the is 
number of channels and especially the number of 
samples per channel would generally be substan- 
tially larger than this. However, these small num- 
bers have been chosen for clarity in teaching the 
principles of the Invention. The conventions in iden- 20 
tifying channels in Rgures 3A through 3C will be 
carried through in subsequent figures and discus- 
sions throughout the remainder of the specification. 
Specifically, unprimed channels lie above the ALT 
centeriine whereas channels with a prime super- 25 
script have the mirror image position below the 
ALT centeriine. The subscripts 1-4 indicate the 
position of the channel relative to the ALT center- 
line. The vertical spacing of each sample repre- 
sents the ALT sample spacing on the ground ob- 30 
ject plane, while the horizontal spacing of each 
sample represents the ACT sample size also on 
the ground object plane which is always normal to 
the line-of-slght (LOS). 

Notice that at small angles from nadir, constant 35 
ALT and ACT ground coverage is maintained. How- 
ever, at larger angles significant distortions occur 
because Imagery samples are not taken from con- 
stant ground intervals, but from constantly expand- 
ing internals which cause overiapping of successive 4o 
scans that destroys the infomiation value of the 
imagery. 

Rgures 4A through 40 show the desired re- 
sults: all samples for the entire swath from -80 • to 
+80* are of uniform size on the ground-object 46 
plane, nomial to LOS. This is accomplished by 
continuously, sample-by-sample, controlling both 
the ALT and ACT sample rate and thus the ALT 
and ACT magnification throughout the scan. Figure 
4A shows image-plane compensated sampling in so 
which sampling frequency is directly proportional to 
range: R = H/COSA, with A from -80* to +80'. 
Rgure 4B shows the desired result of compensated 
sampling which maintains Salt and Sact constant 
in the object-plane normal to the LOS. Rgure 4C ss 
shows the elevation view of the groundrplane com- 
pensated sampling. Note that the constant sam- 
pling interval required is in the object-plane nonnal 
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to the LOS, not In the horizontal plane, which would 
require a sampling frequency proportional to 
H/C0S2 A and would cause anamorphic aspect- 
ratio distortion. Rgure 4D shows the mapping, that 
results from the required sampling proportional to 
H/COSA, is mathematically identical to the Merca- 
tor projection, in which successive scans are repre- 
sented as 15* ALT gores between North-South 
poles (corresponding to -90*, +90* horizon 
points). This mapping Inherently preserves aspect 
ratios out to the poles, which is a basic objective of 
the present invention. 

In practical systems, scan periods are in the 
order of a few milliseconds. For the example of 
Rgures 4A through 4C, the required magnification 
change would be a factor of 5.76, while for actual 
systems, would be 100 or greater. Since physical 
optical elements cannot be accurately and reliably 
servo-positioned at these rates for optical zoom 
control, an electronic zoom is required. 

The IRLS size-control requirement for zoom 
has been shown by means of Rgure 6 which uses 
conventional optical ray tracing to relate the size of 
the ground object swath-width, equal to Va^; Tsam. 
to the size of the image of this swath-width. The 
required sampling interval San, given by equation 
(1) equals ttie required detector spacing: S. The 
problem to be solved is to maintain a unifomri 
. swatii as range: R. varies, but without varying the 
focal length; F, i.e. without resorting to zoom optics 
with movable elements. Since recording formats 
are rectilinear, the value N must remain constant 
during any given scan. Thus, the only variable 
which is free to change is the detector sampling 
interval, S. 

What follows is a description of a novel elec- 
ti'onic system which uses a single detector array of 
non-uniform ly spaced elements combined with syn- 
thesis circuitry to produce a virtual or synthesized 
anray in which S; the sampling interval in the image 
plane, is precisely and virtually continuously vari- 
able over Uie large dynamic range required for 
wide angle scanning. The effect of this is that, as 
the range: R changes during the scan process and 
the angular subtense of tiie ground Image cor- 
responding to a uniform swath changes inversely 
with range R, ttie sampling interval: S, also 
changes Inversely proportionally to R. such that the 
S remains proportional to the angular size of tiie 
ground image 16, which varies inversely with R. 
The result is the same as If a fixed-size detector 
-an-ay had been used and tiie focal length, F, had 
been varied directly with range, R, by means of 
movable optical elements. Thus, the novel elec- 
ti-onic zoom provides a capability for a very fast 
zoom control, equivalent to a conventional optical 
zoom produced with movable optical elements 
driven by an electro-mechanical servo, but several 
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orders of magnitude faster. 

Electronic zoom control requires that ALT sam- 
pling Intervals: Seit and ACT sampling frequencies: 
f, must be dynamically controlled by Va/c> H and 
COS(A), as well as by the fixed parameters of the 
IRLS, as given by equation (1). Since practical 
IRLS scan rates are In the order of several thou- 
sand revolutions per minute (RPM), electronic con- 
trol by Va/c. H and COS(A) is required up to 
several megahertz (MHz). The sampling interval 
Salt and sampling frequency fs computations, for 
electronic zoom control with the required speed, 
accuracy, resolution and dynamic range, can be 
performed using well-known digital techniques as 
represented by the block diagram of Rgure 7 
wherein Va^j/H is supplied by the aircraft inertial 
navigation system (INS) and angle A from the IRLS 
with A/C roll correction from the INS. 

This establishes the exact requirements for 
electronic zoom in the IRLS application. The cor- 
responding electronic zoom requirements for other 
applications also can be readily derived. The 
present patent teaches the principles and tech- 
niques for digital control of Sgtt (ALT sampling 
interval) and f, (ACT sampling frequency) for high- 
precision electronic zoom control in scanning sys- 
tems in general, and in the IRLS type of scanning 
system in particular, tt further teaches, in particular, 
the principles of binary (base 2) encoding for maxi- 
mum efficiencies of detector-array synthesis and 
compatibility with digital control systems whteh are 
predominantly binary (base 2). 

Refening again to Figure 7. the computation 
and generation of the digital control signals Salt and 
fs are specified. Transform functions COS ( ), box 
23. and LOG2 ( ) box 30. are look-up tables stored 
In read-only-memory (ROM). The transfomn func- 
tion COS ( ) is applicable only to a perfectly flat 
ground terrain, which Is rarely the case. This func- 
tion is used herein to simplify the illustration of the 
range computation. In actual practice, this would be 
a more flexible set of curve-fitting functions stored 
In electronically-selected ROMs under the control 
of the A/C inertial guidance/navigation computer, 
which has access to a digital map of the tenrain 
being overflown. The curve-fitting parameters of the 
digital terrain profiles ACT are computed and used 
to select and control these curve-fitting functions, 
such that actual range to the tenrain being over- 
flown is provided to the computation process being 
described. In particular, the COS ( ) function of box 
23 Is replaced by an off-line computational-proce- 
dure in the A/C main computer (MC) which takes 
A/C altitude above-ground-level (AGL): H from the 
INS and terrain heights from the digital map ad- 
dressed by A/C position obtained from the INS, 
and computes ranges as a function of scan angle A 
for curve fitting to this range function, which en- 
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abtes a fast lookup of range from ROMs as a 
function of the scan-angle A input to box 23. The 
application of these techniques are all well known 
within ttie cun-ent state-of-the-art in digital-electron- 
s ics engineering in contemporary avionics and thus 
need not be described here in any furUier detail. 

The quotient, Vaa^H ("V over H"), provided by 
the A/C inertial-navigation system (INS), is multi- 
plied by the IRLS constant Tgcan (box 22) and also 

10 (box 20) by tile COS(A) (or equivalent selected 
curve-fitting ROM) to form the product: (Va«; Tgcan)- 
/(H/COS(A)) which is divided into the constant 
product of QN using divider 24 to generate the ACT 
sampling rate, f,. and is muKiplied by the constant 

16 product F/'N at block 26 to generate ttie scanning 
interval. Sbh- The Sait factor on line 27 is subse- 
quently multiplied by the constant 2/Smin at block 
28, where Smin is the size of the minimum scanning 
inten/al of real or Synthesized detectors, and the 

20 logarittim to the l^ase 2 is taken at block 30 to 
compute the digital binary ALT-size-control word 
"m.c" on line 31 where "m.* is the mantissa 
(integer part) and ".c* is the characteristic 
(fractional part) of tiie LOG2 (Sait/(Smin/2)). Thus, m, 

25 is the integer power of 2 of Satt/(Smii)/2) and *.c" is 
the fractional part of that quantity. This control-word 
format, "m.c", on line 31 is the basis of the digital 
control technique of the preferred embodiment, as 
will become apparent from a continued reading. 

30 Outputs ACT sampling frequency: Is, and ALT- 
Size-(^ntrol word: "m.c" (Figure 7) are continu- 
ously computed in real time to produce tiie results 
shown in Figures 4A ttirough 4C. 

The primary principles and techniques for digi- 
ts tal control of Sait (ALT sampling interval) using 
ALT-Size-Control word; "m.c* are first considered 
by reference to Rgure 8 which shows an oper- 
ational block diagram for ALT scaling of Sait. Here, 
radiometric signals incident oh detector array ele- 

40 ments 36 (line 32} are transduced to electronic 
analog signals on line 34 by detector array ele- 
ments 36. The transducer signals are tiien propor- 
tionally added together by a size-synttieslzer 38 to 
create groups of equal-size detector signals on line 

45 40 which are then selected by the size-select mul- 
tiplexer 42 to obtain size-selected signals on line 
44 for interpolation by the signal interpolator mod- 
ule 46. The interpolated signals on line 48 provide 
for a relatively fine control of Sett by a second type 

50 of proportional signal addition for Interpolation. 

Rgure 8 shows a two-stage synthesis which 
makes use of the efficiencies of a binary (base 2) 
organization In which the size synthesizer 38 and 
size select mux 42 synthesize sizes which are 

55 related by integer powers of two. Then, the signal 
Interpolator 46 interpolates ttiese sizes over a 
range of a factor of two. The coordinated digital 
control by the size select mux 42 and the signal 
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interpolator 46 provides practically unllmltecl dy- 
namic range and resolution of ALT zoonn or mag- 
nification. Obviously, bases otiier than two and 
other procedures for proportional additions of sig- 
nals could be used without deviating from the 5 
teachings of the present Invention. 

Rgure 9 shows a detector-an-ay configuration 
suitable for providing electronic zoom to the case 
described in Frgure 3, where N = 8. to efficiently 
obtain the desired compensation of Rgure 4, also io 
with N = 8. The detector array (trax 36 in Rgure 8) 
is indicated generally by numeral 50 and is com- 
prised of individual detector elements 52 through 
67. From this an-ay it is possible to synthesize 
three different size virtual arrays equivalent to array rs 
16 of Rgures 2 and 5 with N = 8. Elements 56 
through 63 are spaced at a pitch Sx- Magnification 
is defined to be unity when is equal to Satt in the 
image plane. The lines shown in box 68 are the 
centerlines (radiometric centroids) of the detector 20 
array elements required for a unity-magnification 
virtual array, i.e., 1 x size. The required 1x center- 
lines correspond to the centerlines or radiometric 
centroids of detector elements 56 through 63 in the 
ALT direction. The unity-magnification-array size is 25 
provided by taking signals directly from elements 
56 through 63, i.e., element 56 generates a signal 
term 1x-4 which corresponds to the signal term T4 
of Rgures 3 and 4. Following the convention we 
established, the other terms of box 68 generated 30 
by elements 56 through 63 correspond to the other 
T terms of Rgures 3 and 4. 

The centerlines for detector elements of a 2x 
virtual array, i.e.. of size 2x, with a magnification 
equal to 1/2, are depicted within box 70. Detector as 
elements 54 and 55 generate terms 2x-4 and 2x-3 
which correspond again to the signal terms T4 and 
T3 of Rgures 3 and 4. Term 2x-2 is a synthesized 
temn formed by the analog summation of the sig- 
nals generated by detector elements 56 and 57. It 4o 
is to t>e noted that the pitch or spacing between 
the 2x synthesized detector array elements at 70 
has been doubled and, therefore, the magnification 
is halved. The reason term 2x-2 can be synthe- 
sized out of detector elements 56 and 57 is that 45 
the sum of their signals equals the signal from the 
required 2x detector elements, because the 
radiometric centroid (sampling point) of these two 
elements, taken together, lies midway between 
their centroids, which is in the correct geometrical so 
position for the 2x detector element centroid 
(sampling point). Note that this relation Is indepen- 
dent of detector element size, thus applies to de- 
tector an-ays In which detector size Is not related to 
radiometric centroid pitch or spacing; e.g. size 65 
could be constant, limited only by other consider- 
ations such as spatial aliasing of the imagery being 
sampled ALT and radiometric sensitivity (the use of 
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element sizes substantially equal to centroid pitch 
or spacing is an effective means of providing twth 
anti-aliasing filtering and radiometric sensitivity Im- 
provement). 

The 4x terms of virtual array 72 are generated 
in much the same way as for arrays 68 and 70. 
The virtual array 72 size Is 4x and magnification is 
1/4. Term 4x-2 is synthesized by summation of 
outputs of detectors 54 and 55. The output tenn 
4x-1 is synthesized by tfie analog summations of 
detector elements 56, 57, 58 and 59. Ottier terms 
are synthesized in the same manner. In this exam- 
ple where N = 8, we find that a total of 16 detector 
elements in an-ay 50 synthesizes ttiree different 
binary-related-size virtual detector anrays (68, 70 
and 72) of eight elements each, i.e., a total of 24 
syntiiesized detector elements. As N is increased, 
as in typical applications, the economy of synthesis 
is dramatically improved. Infonnation theory teach- 
es us that maximum entropy (efficiency) is ob- 
tained with the binary-encoding which is tiie basis 
of the present invention. 

Rgure 10A shows the circuitry which is com- 
bined with a non-linear detector an-ay to perform 
the binary-size synthesis function. Outputs of 
preamplifiers 74 through 81 provide ttie 1x terms 
directly and additionally provide inputs to buffer 
amplifiers 86 ttirough 89 to produce synthesized 2x 
terms. Outputs of buffer amplifiers 86 through 89, 
plus preamplifiers 82, 83, 84 and 85 provide tiie 2x 
terms directiy. Additionally, they provide inputs to 
buffer amplifiers 92 through 95 which provide ttie 
syntiiesized 4x temis. The remainder of tiie 4x 
terms are provided directly from preamplifiers 90, 
91. 96 and 97. 

In summary, referring again to Rgure 10A, tfie 
binary-based detector an-ay 36 of Rgure 8 
(equivalent to 50 of Rgure 9) and size-syntiiesizer 
38 of Rgure 8 are illustrated by a functional sche- 
matic depicting an eight-channel system (N = 8) 
binary-based system. For clarity, only three binary- 
size groups of eight, detectors are shown syn- 
thesized from a single an-ay (rather than using 
three separate, redundant arrays as in prior art). In 
actual practice, 7 or more binary-size groups are 
required to cover a range variation of 2' = 128 or 
more; and N is typically 16 to 64. 

The binary relations offer Wie efficiency and 
simplicity of requiring only two equal addition net- 
wori(s for the synthesis of tiie next larger size from 
two smaller detectors. Preamplifiers 74 through 85 
and 80, 91, 96 and 97 provide automatic gain and 
level control for thermal-slgnal-responslvlty equal- 
ization as Is common In IRLS practice. Buffer am- 
plifiers 86 through 89 and 92 through 95 provide 
impedance isolation for resistive addition networics 
indicated generally by numeral 98. 

The three groups of detectors have sizes of 1 x 
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Smin. 2 X Smin and 4 X Smm, where Sn,b is the size 
of the eight smallest detectors (none of which are 
themselves synthesized). It Is evident that any 
practical size array can be configured by continu- 
ing the synthesis procedure with 8x, 16x, etc. de- 
tector sizes. It will also be evident to those skilled 
In the art that the symmetry about the ACT array 
centerline (CL) 100 will offer practical advantages 
In optical design. That is, when the optical axis is 
placed on CL 100, It minimizes or eliminates the 
need for off-axis corrections because detector sizes 
increase more rapidly than off-axis optical aberra- 
tions. There is also a very practical electronic de- 
sign advantage in that electronic multiplexer cross- 
talk and frequency-response Gmitations are halved 
with each doubling of detector size, given that only 
half of the number of multiplexed lines per mul- 
tiplexer are required and only half Uie freqiiency 
response is required with each doubling of detector 
size. 

It will be further evident that N (the number of 
recording channels) can be any even integer equal 
to 4 or greater, for any array symmetrical about CL 
100. This follows from: for N = 4. there are two 1x 
detectors on each side of CL 100, and each new 
size adds one detector each side of CL 100. with 
each new size being twice the preceding size. 
Witiiout symmetry about CL 100, viz. witii only half 
the array on either side of CL, a given array half 
must be doubled in length, and N can now be any 
integer equal to two or greater. 

Further, N2: the number of detector elements 
per octave need not be 2, nor even an even 
number; Rgure 10D shows the synthesis for N2 = 
3, an odd number. 

In consideration of ttie image-sampling princi- 
ples taught previously, It will be evident that the 
detector elements' radiometric centroids determine 
the desired sampling points, thus detector element 
sizes can be varied continuously as in Figure 10B. 
or can be constant as In Figure 10C. This provides 
some practical ti'adeKjffs. The detector arrays of 
Rgures 10A and 10B, with element sizes substan- 
tially equal to element spacings, inherently provide 
effective spatial ALT anti-aliasing filtering; the an-ay 
of Rgure IOC offers ease of fabrication. The con- 
stant 1x detector sizes shown are typically at the 
limits of practical yields from fabrication capability^ 
and radiometric detection requirements. 

Finally, It will be evident tiiat a non-binary- 
based anay and size-synthesizer Is feasible with 
the use of two or more additions for tiie synthesis 
of each size by weighted sums for a proportional 
mixing of detector signals. The binary-based anray 
is a special case of tiie exponential array with 
exponential base 2. Thus, otiier bases than two and 
other proportional mixing of signals are within the 
teachings and scope of the present invention. 



Referring now to Rgure 11, ttie operational 
specifications equivalent to the schematic of Rgure 
10 are defined using conventions typically found in 
signal-flow diagrams. The input terms correspond 

5 to the preamplifier outputs of Rgure 10. The 50/50 
weightings are indicated by the legend designation 
"1^" beside the multiplier arrows 102 on the 
signal-flow lines. The summing nodes 104 are in- 
dicated by circles with a " + " inside. The primed 

10 signals below CL 100 are the mirror Images about 
CL 100 of the unprimed signals above CL 100. 

Referring now to Rgure 12, similar specifica- 
tions are given for "suthpixei" sizes of 1/2x and 
1/4x, with 75/25 weightings of 3/4 and 1/4 which 

16 represent the sample positions of the next smaller 
size relative to the next larger size for an even 
numtier of detectors, as used in these examples. 
Again, ttie input terms coaespond to preamplifier 
outputs of Rgure 10, specifically the 1x terms. 

so Witii an odd number of detectors, one detector 
lies on the CL 100 and the division is simpler 
(obviously 50/50). With a minimum size of 1/4x, 
Smin equals 1/4x rattier tiian 1x. The "sub-pixel" 
synthesis procedure can obviously be continued for 

25 1/8x, 1/16x, etc. with ttie smallest size becoming 

Smln. 

In general, these weightings for detector syn- 
thesis are determined by the required location of 
detector centers (radiometric centroids) being syn- 

30 thesized from ottier detectors. This generally im- 
poses a simplifying requirement that the 
radiometric centi'oid of each detector element, or 
group of elements used in ttie synthesis of a detec- 
tor element, lie on the ACT centeriine (optical axis) 

36 and furttier be positioned relative to each other on 
the ALT centeriine by the period Sajt- The detector 
an-ay geometiy shown In Rgure 10 satisfies these 
criteria. If tiie radiometric centix>ids of all detector 
elements do not lie on a single ACT centeriine. 

40 their differential offsets must be compensated for 
by differential delays matched to ttie given IRLS 
scan rate Q. 

The fundamental principle of the present Inven- 
tion Is tt)at ttie elements of the detector array take 
45 samples of the Fourier content of the Imagery, and 
that these samples can be interpolated with a first- 
order curve fitting, i.e., a simple linear interpolation, 
to determine the sample which would be taken by 
a synthesized detector. Thus, it is seen tiiat it is 
60 ttie positions of tiie radiometric centi'oids. usually 
the physical centers, of the detectors that Is fun- 
damental with regard to sampling requirements 
rather than ttie detector sizes. Specificalty, It Is the 
sampling Interval (spacing) Satt that is fundamental 
65 to the detector synthesis of Figures 9 and 10, 
rattier tiian detector size (1x, 2x, 4x, 1/2x, 1/4x) 
which has been refened to herein to introduce the 
principle with a simpler initial concept. The detector 
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sampling Intervals (spaclngs) San are shown ex- 
actly or approximately equal to the detector sizes 
in Rgures 9 and 10, but detector sizes can be 
smaller or constant (as in Rgure IOC) and the 
fundamental principle will still be satisfied. How- 
ever, there are several practical reasons for making 
detector sizes and spacings equal. Rrst, use of 
detector sizes equal to the inten^al spacings, Sett, is 
a very simple means for specifying the exact loca- 
tions of the detectors. Second, in the ALT direction, 
detector sizes equal to the spacings act as a very 
effective ALT "anti-aliasing" spatial filter which re- 
jects Fourier frequency content beyond the Nyquist 
limit Third, it is usually desirable to have the same 
ACT detector dimensions as ALT to maintain con- 
stant detector impedances throughout the array. 
Fourth, thermal-noise limits are minimized. Thus, 
Figures 9 and 10 represent a practical as well as 
illustrative example. 

In summary, the detector sizes could differ 
from the spacings without departing from the spirit 
and scope of the present invention. For example, 
they could all be of equal widths radiometrically 
(one practical case), or they could all be of equal 
sizes and off-axis defocus could be designed to 
provide the required ALT anti-aliasing spatial filter- 
ing. 

Synthesis of virtual-detector array signal terms 
ranging from 1/4xjp 4x has now been described. In 
Rgure 8, all of these synthesized-signal terms are 
provided as inputs to the size select multiplexer 42. 
This multiplexer Is indicated functionally in Rgure 
13 as rotary switch 106 representing a high-speed 
electronic multiplexer. The value of the mantissa 
"m" of the ALT-size binary-scaling control signal 
on line 31 in Rgures 7 and 13 determines which 
binary size of the synthesized signals is selected at 
the outputs of size-select multiplexers 42, compris- 
ing signaJ terms S-4 through S-4'. Preferably, the 
size-synthesizer circuitry and the size-select mul- 
tiplexer would be combined into a single integrated 
circuit. 

The signal interpolator 48 of Rgures 8 and 13 
provides a virtually continuous resistive divider in- 
terpolation of the size-select multiplexer output sig- 
nals 44 to provide an effective maximum size re- 
duction by a factor of two, i.e., from full size to half 
size, with the degree of interpolation controlled by 
the characteristic: "c", the fractional component of 
the scaling-control signal "m.c", on line 31 of Rg- 
ures 8 and 13. The output signals from the signal- 
interpolator multiplexer taps T-4 to T-4' correspond 
to the eight signal channels of Rgures 3 and 4. 

Having described the function of signal Inter- 
polator, the dimension of the detector array Sx of 
Rgure 9 can now be fully related to the term San in 
the image plane. Specifically, for unity size and 
unity interpolation, S,|, = Sx- For minimum size, 



minimum interpolation. Sai, = 1/8 S^. For maximum 
size and maximum signal and unity signal Inter- 
polation. Sail = 4Sx. The ALT electronic 
mapping/sealing has the effect of making a simple. 
5 linear detector array continuously elastic, stretching 
it from its minimum to something 32 times larger. 

The signal interpolator is shown conceptually in 
Rgure 13 as a tapped potentiometer with multiple 
wipers, each tap connected to an S input term, 
JO each wiper connected to provide a T output term 
with each wiper moving proportionally from CL 100 
under -.c" control. Note, for example, that for unity 
interpolation, the wiper of output term T-4 is posi- 
tioned at the node of S-4. For an interpolation of .5. 
16 the wiper associated, with output T-4 is positioned 
on the potentiometer such that signal is a weighted 
combination of signals S-3 and S-2 where the 
weighting is 3/4 S-2 and 1/4 S-3. The result of this 
interpolation is that the output signal T-4 is the 
20 same electrical signal that would occur if the detec- 
tor or detectors generating the signal S-4 had been 
moved half-way to the ALT centertine 100. The 
others wipers move proportionally in the same 
manner to spatially scale the signals by a factor of 
25 two around ALT centerline 100. A number of ana- 
log or digital techniques may be employed to elec- 
tronically accomplish the desired interpolation and 
these will be described when Rgures 13 through 
22 are considered. 
30 Rgure 14 shows one method of a digitally- 
controlled discrete-switching approximation to con- 
tinuous signal interpolation, in which the character- 
istic ".c" of the scaling control signal is decoded at 
108 to select one of the resistive taps labeled T-1 
36 through T-6. This method offers the advantage of 
simplicity for a moderate number of taps, but be- 
comes impractical If very fine or continuous inter- 
polation is desired. 

Rgure 15 shows a technique which provides a 
40 virtually continuous Interpolation. The resistive di- 
vider 110 Is formed through a pair of multiplying 
digital A-to-D converters (MDACs) which are con- 
trolled by the characteristic ".c" of the scaling 
control signal so as to accomplish the desired 
45 result. 

The foregoing scaling-function description may 
be summarized by referring again to Rgure 13. 
The N size-select multiplexers 106 of size-select 
module 42 switch N signal interpolator taps S-4 to 

60 S-4' to N size-synthesized signals 40, The binary 
size selected is detennlned by the mantissa "m", 
I.e., the Integer part of log (V/H COS(A)) and other 
constant parameters as specified In Rgure 7, which 
Is the binary number decoded by each multiplexer. 

56 The mantissa "m" is scaled to tiie smallest size 
Smtn (1x for integer sizes only and 1/4x for frac- 
tional as well as Integer sizes). Thus, size switching 
occurs at each octave increase in computed size 
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required. Binary logarithmic octave size selection 
minimizes hardware requirements for a required 
dynamic range. 

The characteristic ".c", i.e., the fractionai part 
of "m.c" = iog2 (V/H COS{A)) controis via the 5 
binary decoder 108 the selection of signal-inter- 
polator multiplexer taps so as to connect the inter- 
polated output lines T4 to T4' with S-4 to S-4\ 
respectively, when ".c" is maximum, and with 
points halfway to CL 100 from S-4 to S-4' when io 
".c" is minimum, and in between these points 
proportional to 2*. This can be implemented with a 
multiplexer decode of ".c", with discrete taps pro- 
portional to 2-*^, as in Rgure 14 or with electronic 
multipliers configured as an electronic poten- ts 
tiometric divider of selected signals, as in Rgure 
15. These implementations provide tradeoffs be- 
tween simplicity and accuracy. 

A second category of interpolator 46 uses 
back-to-back multiplexers or electronic switches as 20 
in Rgures 16 through 22, which provide a continu- 
ous, proportional scaling by time-division multipli- 
cation in which input signals S-1 to S-4 are se- 
quentially connected to output lines T-1 to T-4, 
beginning with S-1 and T-1 and continuing at rates 25 
set by identical voltage-controlled oscillators 
(VCOs) 110 and 112 (Rgures ISA and 21) with a 
frequency ratio: K = 2*^^ to linearize the logarith- 
mic fraction ".c". The switch control of Rgures 19 
through 22 uses "one-shot** multivibrators 114 and 30 
116 as constant delays to provide perfect linear 
interpolation, while the multiplexer configuration of 
Rgures 16 through 18 is simpler, again providing 
tradeoffs between simplicity and accuracy. The 
phase diagrams of Rgures 17 and 20 and timing 35 
diagram of Rgure 22 provide comparisons and 
specifications of operation. 

In Rgures 18 and 21. ttie VCO 110, controlled 
by KVret where K = 2.*^^ and v'®' Is a fixed voltage 
reference, has an output period equal to KT, where 40 
T is the output period of the VCO 112 conti'olled by 
Vref. The outputs of VCOs 110 and 112 clock 
binary counters 118 and 120 until counter 118, 
clocked faster by tiie shorter KT output period, 
reaches its full count, causing a carryout output 4s 
(CO) to reset both counters .1 18 and 120 and VCOs 
110 and 112. Decoding of binary counters 118 and 
120 is performed by decoders 122 and 124 of tiie 
standard type found in integrated-circuit multiplex- 
ers well known to tiiose skilled in the art. They may 50 
be identical to decoders 42 and 108 In Rgures 13 
and 14 previously discussed. 

The function of the VCOs Is to provide an 
output frequency with a period directiy and linearly 
proportional to the input, which requires a digltaHo- 55 
analog conversion from tiie digital control word. 
Conceptually, this function could be provided di- 
rectiy with a digital preset counter very simply; 
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however, typical system requirements of sampling 
rates and resolution will often require upwards of 
GHz clock rates, so the more conservative VCO Is 
suggested. As the state-of-the-art in digital design 
at these high frequencies becomes more common- 
place, hence more economical, the all-digital func- 
tional equivalent will be prefen^d, having the ad- 
vantage of precision control. Cun-ently, the VCO 
offers higher resolution for the required sampling 
rates. 

In Rgure ISA, decoders 122 and 124 directly 
control interpolation multiplexers as defined by ttie 
state-phase diagram of Rgure 17. This diagram 
shows ttie timing of the S-1 to S-4 connections to 
T-1 to T-4 whereby the average values of the 
multiplexed signals connected are integrated by 
sample-and-hold capacitors 126 (Rgures 16 and 
18A) with averaging, time constant controlled by 
resistor 128 (Rgures 16 and ISA). However, inter- 
polation regions are proportional to K, a limitation in 
critical applications. 

Continuous interpolation witfi full resolution at 
lower values of K can be provided by use of 
constant input periods as well as constant output 
periods. This is shown by the switch control dia- 
gram in Rgure 21 in which decoders 122 and 124 
trigger constant period "one-shots" 114 and 116 
which control the states of ttie interpolation switch- 
es as specified by state-phase diagram, Rgure 20. 
and timing diagram Rgure 22. which shows odd- 
numbered decodes "1, 3, 5, 7" as identified by 
numeral 130, triggering the one-shots so as to 
generate the switch control signals "El, E2i E3, 
E4" at tiie times indicated. Also, min-or image input 
signal S-V is switched by decode state "0" = 
"EO*. as specified by phase diagram, Rgure 20, 
and switch-control timing diagram Rgure 22, to 
provide precise interpolation toward CL 100 for 
output signal T-1. Switch control signals "El, E2, 
E3, E4" control the multiplexer switches of Rgure 
19, in which resistors 244 provide input switch 
isolation, and resistors 244, 245 and capacitors 240 
provide sample and hold Integration of the mul- 
tiplexed signals. 

It will be evident ttiat two identical pairs of 
interpolators 46 (Rgure 8) as detailed In Rgures 14 
through 22 are required to provide tiie full function 
specified by tiie signal Interpolator 46 shown in 
Rgures 8 and 13 witti ttie preferred symmetrical 
array of Rgures 9 and 10. 

Preferably, tiie signal interpolator circuitry of 
the preferred Interpolation technique would be 
combined Into a single Integrated circuit. 

The principles and techniques for digital control 
of Salt (ALT sampling interval) using ALT-Size-Con- 
trol word: "m.c", witti the two-stage synttiesis of 
Rgure 8 taught up to this point, can be expanded 
to provide a single-stage synttiesis and interpola- 
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tlon with back-to-back multiplexers (similar to Rg- 
ures 18A or 21) In which detector-array signals 
shown on line 34, Rgure 8 are multiplexed to 
produce the selected and interpolated signals 
. shown on line 48 of Figure 8. s 
Rgure 23 shows an example of the single- 
stage synthesis and interpolation technique in 
which the interpolation input multiplexer Ml of Rg- 
ure 18A is replaced with a binary cascade of mul- 
tiplexers 182, 192 and 202 controlled by binary to 
counter 184, which replaces counter 120 of Rgure 
18A. In Rgure 23, input multiplexers 182, 192 and 
202 select detector-an-ay signals 34, and also inter- 
polate them as previously described in relation to 
Rgure 18A; however, VCO 110 is controlled to is 
produce a period KT, where K'2 = 2"*-^ = 
Saji/Smin to cover the three-octave range of 1x, 2x 
and 4x selection, in addition to interpolation which 
only required K = 2-^^ in over one octave in Rgure 
18A. Otherwise, the teachings of Rgure ISA are 20 
applicable. 

Again, it will be evident that two identical pairs 
of multiplexer sets as shown in Rgure 23 are 
required witti the prefered symmetrical array of 
Rgures 9 and 10. Also, each multiplexer set will be 25 
preferably be combined into a single integrated 
circuit for signal-path minimization and the elimina- 
tion of decoder redundancy (which, however, 
serves the present tutorial purposes well, because 
the function of the binary cascade of multiplexers 30 
will be self-evident to tiiose skilled in tiie art, with- 
out the need for complex state diagrams). A sec- 
ond example of single-stage synthesis and inter- 
polation is shown In Rgure 24 in which the cas- 
cade of Input multiplexers of Rgure 23 is replaced 35 
by the single multiplexer 210 in which tiie required 
binary-multiplexing-control decoding is accom- 
plished externally rather than with ttie binary cas- 
cade of analog multiplexers. This digital control is 
provided by digital feedback around binary counter 4o 
214 which halves the counter input clock rate each 
time the counter's count doubles. The digital feed- 
back selects binary-related clock rates from binary 
counter 218 with multiplexer 216. This performs ttie 
same function as the cascade of analog multiplex- 45 
ers in Rgure 23. The rest of the circuitry is tiie 
same as Rgure 23, so need not be described. 

A state timing diagram of couriter 214 Input 
and outputs is shown in Rgure 25. The solid-line 
waveforms show uniformly-spaced intervals within so 
each octave, corresponding to tiie equally-sized 
detector-element spaclngs within each octave of 
detector arrays In Rgures 10A and IOC, which 
have Identical centrolds (and differ only In detector- 
element size, which has no effect on tiie process 56 
being described). 

This illustrates the underlying principle of Rg- 
ures 23 and 24: The Input multiplexer perfonms a 



linear scan of the array from the centerllne; I.e. the 
centroid of each multiplexer Interval occurs at a 
time proportional to the distance of each detector- 
element centroid from centeriine 100. Sampling 
times are proportional to sampling distance from 
centeriine. Although these times and distances are 
non-unifomily spaced, tiie scan of tiie input mul- 
tiplexer is linear. This, with the linear scan rate of 
ttie output multiplexer (demultiplexer), provides a 
one-to-one mapping of inputs to outputs, with scale 
determined by the ratio of scan rates during a 
given scan. 

Note that the arrays of Rgures 10A to 10D all 
have detector-element spaclngs proportional to 
ttieir distance from centeriine; this makes their dis- 
tance from centeriine: Xn an exponential function of 
n, the element number from centeriine. The array 
of Rgure 10B is an example of a continuous ex- 
ponential array, in which all elements follow a con- 
tinuous exponential function. This array requires 
the dotted-line waveforms of Rgure 25, which can 
be generated by the more flexible mapping control 
of Rgure 26. The other arrays are examples of 
discrete exponential arrays, in which spactngs are 
constant witfiin each octave to provide simplicity of 
control by binary logic, as previously illustrated. In 
all these examples, tiie exponential is base 2 for 
simplicity of control, but need not be witfi tiie more " 
flexible mapping control of Rgure 26, to be de- 
scribed. 

Since tiie arrays and tiieir multiplexer timing 
control must be matched, tiiey will be described 
expllcitiy In matiiematical terms (as well as picto- 
rial, as previously). 

The spacing of lx elements: "Xi" provides 
relative scale; the number of elements per octave 
(one side of centeriine) is "N2"; the element num- 
ber from centeriine Is "n"; tiie distance from cen- 
teriine to inner boundary of element '*n" is "Xn". 
Detector-element centroids of element "n" are mid- 
way between "Xn" and "X„+r at their aritiimetic 
mean; pCn + Xn+i)/2. The spacing between bound- 
aries of element "n" is " A Xn" = Xn*i - Xn. 

Witfiin tiie inner, linear portion of both continu- 
ous and discrete exponential arrays (n £ 2*N2): 

(4) Xn = n-(X,) 

(5) A X„ = X, 

Over tiie outer exponential portion of the con- 
tinuous exponential array (n 2 2*N2), as In Rgure 
10B (N2 = 2): 

(6) Xn = (N2)-p(1)-2f*^-i> 

(7) AXn = (2<^'«2).ij.x^ 
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Over the outer discrete exponential portion of 
the discrete exponential array (N 2 N2); as In 
Rgures 1 0A. IOC {N2=2) and Rgure 10D (N2=3): 

(8) Xn = {N2)-(Xi)*(1+n/N2-B)*2<^^> 

(9) AXn = (X,)-2ts-^» 

where B is the integer value of (rt/N2). Note that 
element "size" (1x, 2x, 4x, ... ) is 2*^^*. 

The equations also define the requirements for 
multiplexer timing corresponding to the array pa- 
rameters. For a given array scanning velocity: Va, 
the simple relations 

(10) X„ = Va-T„ 

(11) T„ = X^a 

provide the required timing parameters for Figures 
23 and 24, previously described and for Rgure 26 
which will now be described. 

As mentioned, the combination of typical 
Nyquist rates (sampling rate requirements) and low 
duty cycles (2/N) would require prohibitively high 
clock rates for digital frequency control with ade- 
quate resolution in Figures 18A. 21. 23 and 24, 
which also require anti-aliasing filters. 

These limitations are eliminated in the ttiird 
example of single-stage synthesis and interpolation 
shown in Figure 26. This is a 100% duty-cycle 
multiplexing scaler which pemrilts full digital conti-ol, 
without tiie precision and stability limitations of the 
analog VCO. Each output 48 is provided witii a 
multiplexer 210 to provide time-division multiplica- 
tion of inputs 34 for scaling and interpolation, as 
described in the first two examples; however, since 
each output has its own multiplexer, a 100% duty 
cycle is achieved. 

This permits modest clock rates (several MHz, 
rather than GHz) and eliminates requirements for 
anti-aliasing filters and tiielr associated signal deg- 
radations. 

The multiplexer 210 is controlled by preset 
counter 222 via LIN-LOG ROM (read only memory) 
226 which Implements tiie appropriate equals: (4) 
through (11) corresponding to ttie selected aray 
type and parameters, which need not be binary- 
based due to tiie flexibility of ROM programming. 
Clocked by crystal clock 224, counter 222 ramps 
linearly from lower limit 230 to upper limit 228, 
which is sensed by digital comparator 220, causing 
preset to lower limit 230; this cycle repeats con- 
tinuously. Subsequent low-pass flfterlng, required 
for anti-aliasing in tiie ACT scaling to be described, 
properly averages tiie multiplexed signals for pre- 
cise scaling and interpolation. 

The indicated upper and lower limits of i'lC 



503 103 A1 




and (1-1) K', where K* = SBjt/Smin. provide ttie sim- 
pler Interpolation of Rgure 17 within each octave. 
When used with the continuous exponential array 
of Rgure 10B, tiie ideal interpolation of Rgure 20 is 

5 inherentiy provided; this is the primary advantage 
of the continuous exponential array. In this case, 
only the subpixel interpolation within the inner, lin- 
ear (1x) portion of the anray would require ttie 
averaging limits of Rgure 20 for ideal interpolation, 

10 which must be traded off against ttie real-time 
computation requirements and resultant hardware- 
cost increase. 

Several ALT scaling techniques of compen- 
sated sampling for mapping detector signals to 

15 synthesized array signals, with a practically con- 
tinuous scaling ttiat meets ttie objectives of Rgure 
4 for contiguous imagery in successive scans, have 
been presented. Selections of the optimum com- 
binations of techniques presented, and associated 

20 alternatives suggested, must be done on the basis 
of detailed system analyses of the particular sys- 
tem performance requirements and hardware-cost 
ti'adeoffs. All of tiie techniques presented are viable 
candidates for optinrilzed systems. 

25 Referring now to Rgures 27 and 28, the re- 
quired ACT sampling frequency U conti-ol 25 is 
shown for two basic implementations of the record- 
ing principles defined by Rgures 2 and 5, respec- 
tively. 

30 In Rgure 27, interpolated signals 48 (Rgures 8 
and 13 tiirough 22) are first low-pass filtered by 
anti-aliasing filters 132 witii a cut-off frequency 
confa-olled by f, to be optimally below the Nyquist 
limit to just prevent discernible aliasing due -to 

35 sampling at ttie fs rate. The filtered signals on line 
134 are sampled and heW by sample-and-hokl 136 
to provide sampled signals on line 138 for analog- 
to-digital conversion by A/D converter 140. Sample- 
and-hold 136 and ADC 140 are synchronized by 

40 fgiAfter digital conversion, the digital signals on line 
142 are stored In digital buffer memory 144 prior to 
read-out on line 146 at a constant rate for eitiier 
Immediate display following digital-to-analog con- 
version or subsequent long-term digital storage or 

45 long-term analog storage, following digital-to-analog 
conversions, prior to display, or both. Buffer mem- 
ory 144 address control is reset by a sync signal 
on line 152 from tiie scan in Rgure 2. Display of 
the stored imagery is typically provided by a digital 

50 scan converter and a cathode-ray tube during re- 
play. 

In Rgure 28, Interpolated signals 48 drive grid 
consols of CRT array 162 (as In Rgure 5) and 
frequency conti-ol U Is integrated by Integrator 154 
55 reset by synchronizing line 152 to provide posi- 
tional deflection-cun-ent control on line 156 to de- 
flection coil 158 for position control of ttie election 
image 160 (as In Rgure 6) of the N-beam multi- 
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element array 162 produced by electron lens 164 
as used in prior art. and shown schematically in 
Rgure 5. Alternatively, a conventional linear sweep 
control reset by line 152 is used to drive coil 158 
with the elements of CRT an*ay 182 driven by line s 
148 of digital truffer memory 144. Unlike prior art, 
the film velocity, controlled by drive 166 can t>6 
constant due to electronic zoom, rather than servo- 
controlled by Va/c/H. These and other advantages 
will be apparent to those skilled in the art. As In to 
prior art, a film 168 is transported over the CRT 
phosphor image 160 by take-up reel 170 driven by 
drive 166. over idler rollers 172 from supply reel 
174. 

It should also be understood various combina- re 
tions of the techniques and principles taught by the 
present patent may be utilized without departing 
from the spirit and scope of the invention- For 
example, it will be obvious to those skilled in the 
art that the analog-to-digital conversions can be 20 
perfomied directly on the detector-element signals 
such that the synthesis and interpolation functions 
may be provided with well-known digital processing 
technology. Also, as in prior art for practical consid- 
erations of fabrication, real and/or virtual detector 25 
elements and/or recording elements may be stag- 
gered or othenvise displaced in the. equivalent ACT 
direction without departing from the scope of the 
present invention. 

In summary, it will be evident to those skilled 30 
in the art that the teachings of the present invention 
have general application to electronic imaging sys- 
tems which require dynamic computer control of 
tile imaging transfer from one image plane to an- 
other at video rates, witii optimum efficiencies in 35 
the information-theory sense for minimum hardware 
to satisfy a given requirement for total system 
channel capacity. 

These efficiencies are based on the use of 
transducer anrays that circumvent the limitations of 4o 
practical scan speeds and the usual limitations of 
transducer response times and sensitivities with 
serial scan. These array efficiencies are then op- 
timized, first by tiie use of non-linear arrays to 
minimize the required number of transducer-array 45 
elements, ttien by an immediate reduction to the 
minimum required number of ALT signal channels 
and last by continuously maintaining minimum 
sampling rates to minimize ACT scan-conversion 
buffer-memory size and subsequent data-handling 50 
requirements. 

In the present embodiment, tiie Input-an'ay 
transducer, elements are IR detectors in a non- 
linear array format, and outputs are In a linear anray 
formal: either ttie linear CRT array writing on film, 56 
or the linear CRT raster of a TV monitor displaying 
standard video signals, eitiier from a TV camera 
viewing the film or from a video fonmatter replaying 



data from the N-channel recorder. In summary, the 
input an-ay is non-linear and ttie output anray Is 
linear. Further, the Input-array transducers convert 
IR to electronic signals and the output array con- 
verts electronic signals to a visible image, i.e., ttie 
system in the present embodiment is a detection 
system and one tiiat converts IR to visible 
wavelengths. 

It will be evident to tiiose skilled in ttie art that 
the input array transducers could be sensitive to 
ottier wavelengths, e.g., visible, UV, X-rays, radar 
or to otfier types of emission or radiation such as 
gamma particles, magnetic fields or sound waves 
as in SONAR. These teachings are applicable to 
any scanning system employing transducer an-ays. 

Furthermore, these teachings are not limited to 
sensor systems, as in ttie present embodiment 
which converts IR to visible. The well-known princi- 
ples of reciprocity in conventional optimal imaging 
systems (reversion ttieorem), in which source and 
image can be interchanged, are applicable to elec- 
tronic imaging systems, witti such obvious accom- 
modations as reversing buffer amplifier inputs and 
outputs. Thus, the nonlinear IR input array can be 
replaced by a nonlinear laser-diode output array to 
create a very wide-angle laser-scanner display sys- 
tem with a rectilinear fomnat on a flat projection 
screen, using the same control relations. As noted 
above, ttie an'ay transducers (emitters) also could 
be active at other wavelengths, e.g.. X-ray, radar, 
etc., or could produce otfier forms of emission or 
radiation. 

Thus these teachings are equally applicable to 
active scanning systems, such as projectors, trans- 
mitters, etc., which require dynamic computer con- 
trol of the imaging transfer from one image plane 
(image data source) to anottier image plane 
(projection surface, target area, etc.) 

Further, the computer control laws can be pro- 
grammed to suit the particular requirements of any 
detector/emitter array-scanner system application 
so as to correct ttie combined geometrical distor- 
tions due to the scanning geometry and the geom- 
etry of the object (source) plane/image (target) 
plane, respectively, in real time at video rates. This 
capability for dynamic, electronic imaging control 
offers the possibility of new, more efficient scan- 
ning system designs, which heretofore have been 
limited by the conflicting requirements of collection 
efficient (speed) and imaging efficiency 
(resolution). A new degree of freedom In design is 
provided by the ability to correct geometrical dis- 
tortions electronically, which could prove to be very 
cost-effective In concert with meeting ottier system 
requirements. 

Rnatly, it will be evident ttiat the teachings of 
anray-element multiplexing techniques for one-di- 
mensional arrays are directiy applicable to two- 
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and three-dimensional an-ays for two- and ttiree- 
dimensionai spatial control of imaging for 
geometrical-distortion corrections and for passive 
and active IR, X-ray, radar and sonar; and are 
applicable to N-dimensiona) arrays for multi-spec- 
tral sensing, multi-color projection systems and 
multi-sensor imagery integration. 

Claims 

1. An electro-optical system for electromagnetic 
signal detection, characterlzod by: 

a) non-linear detector-array means (36, 50) 
having non-unifomily spaced electro-optical 
detector elements (52-67) which produce 
electrical-signal outputs conesponding to an 
image being scanned; 

b) detector-signal multiplexer means (38, 
42, 46) for selecting and processing said 
electrical-signa] outputs of said detector ele- 
ments to produce a plurality of sets of 
electrical-signal outputs, said sets of 
electrical-signal outputs being substantially 
equivalent to the electrical-signal outputs 
which would be produced by conresponding 
sets of different-sized virtual-detector linear 
arrays; and 

c) signal-output means (48) for receiving 
said sets of electrical-signal outputs of said 
detector-signal multiplexer means to provide 
electro-optical system outputs. 

2. System according to Claim 1, characterized 
In that said non-iinear detector-array means 
(50) consists of a plurality of groups of one or 
more detector elements with Interelement 
spacings of said groups generally increasing 
continuously in a predetemnlned manner over a 
portion of the array. 

3. System according to Claim 2, characterized 
In that said predetermined manner of continu- 
ously increasing detector Interelement spac- 
ings of said groups Is substantially linear over 
a portion of the array. 

4. System according to Claim 2, characterized 
In that said predetermined manner of continu- 
ously increasing detector interelement spac- 
ings of said groups is substantially proportional 
to distance over a portion of the array wittn said 
groups positioned exponentially witii an ex- 
ponential base two. 

5. System according to Claim 2, characterized 
In that one or more of said groups of detector 
elements have constant interelement spacings 
witiiin a given group. 
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6. System according to Claim 1, characterized 
In that the sizes of said detector elements are 
substantially equal to their Interelement spac- 
ing. 

5 

7. System according to Claim 1, characterized 
in that the sizes of said detector elements are 
substantially constant. 

70 6. System according to one of Claims 1 to 7, 
characterized In that said plurality of groups 
of detector elements are arranged in a biaxially 
symmetrical manner and/or said detector ele- 
ments are positioned substantially colineariy 

75 longitudinally. 

9. System according to Claim 1, characterized 
In that said detector-signal multiplexer means 
comprises, in combination: 

20 a) a size-synthesizer means (38) coupled to 

receive said electiical-signal outputs from 
each of said detector elements (52-67) with 
said size-synthesizer means combining said 
detector-element electrical-signal outputs to 

26 syntiiesize a plurality of sets of electiical- 

signal outputs corresponding to different- 
sized synthesized virtual-detector arrays; 

b) a size-selector means, (42) coupled to 
receive said sets of electi'ical-signal outputs 

30 for electronically selecting one set of said 

plurality of sets of electrical-signal outputs; 

c) an interpolation means (46) coupled to 
receive said selected one set of said plural- 
ity of sets of electrical-signal outputs for 

35 electronically interpolating said electrical- 

signal outputs of the selected set to pro- 
duce a set of interpolated electrical-signal 
outputs conesponding to a fractional size of 
said synthesized virtual-detector arrays. 

40 

10. System according to in Claim 9, character- 
ized In that said size-synthesizer means (38) 
includes a plurality of analog-signal weighted 
summing means (68, 70, 72). 

45 

11. System according to Claim 9, characterized 
In that said size syntiiesizer means includes a 
binary-tree summing means (74-97, R). 

50 12. System according to Claim 9, characterized 
In that said size-selector means comprises a 
plurality of analog-signal-selection multiplexer 
means (42, 106) for performing analog signal 
selection. 

56 

13. System according to Claim 9, characterized 
In that said interpolation means (46) com- 
prises, in combination: 
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a) an analog-signal weighted summing 
means coupled to receive as Inputs the 
outputs of said size-selector means (42, 
106), said analog-signal weighted summing 
means with outputs coupled to a plurality of 5 
analog-signal interpolation multiplexer 
means (108); and 

b) the outputs of said plurality of analog- 
signal interpolation multiplexer means being 
said set of interpolated electrical-signal out* 10 
puts of said interpolation means. 

14. System according to Claim 1. characterized 
by means (20-30) for generating a size-control 
word, said size-control word being a function of is 
an instantaneous required spatial sampling in- 
terval; and means (42, 46) responsive to the 
size-control word for controlling said detector- 
signal multiplexer means for selecting and pro- 
cessing said detector-element electrical-signal 20 
outputs. 

15. System according to Claim 14, characterized 
In that said size-control word is directly pro- 
portional to said instantaneous required spatial 25 
sampling interval or is proportional to the loga- 
rithm of said instantaneous required spatial 
sampling interval. 

16. System according to Claim 1, characterized so 
by means (20-30) for generating a size-control 
word: "m.c" having an integer mantissa: "m." 

and a fractional characteristic: ".c", said size 
control word being the logarithm to the base 2 
of the ALT scale Sait/Smin the ratio of the 35 
instantaneous ALT spatial sampling interval to 
the minimum sampling interval; and means 
(42) responsive to the size-control word integer 
mantissa part: "m." for controlling the selection 
performed by said detector-signal multiplexer 4o 
means, and means (46) responsive to the size- 
control word fractional characteristic part: ".c" 
for controlling the interpolation performed by 
said detector-signal multiplexer means. 

45 

17. System according to Qaim 16, characterized 
In that said ALT spatial sampling interval Is 
controlled to be proportional to Va/c/R, where 
Vajc is the instantaneous ALT aircraft velocity 
over the ground and R is the instantaneous so 
range to the ground Imagery being scanned by 
said system. 

IB. System according to Claim 16, characterized 
In that said ALT spatial sampling interval is 66 
controlled to be proportional to (Vaa:j/H)'COS- 
(A) of said system. 
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19. System according to Claim 17. characterized 
by including digital map means, wherein said 
Instantaneous range "R" Is computed using 
scan angle from nadir "A", using terrain eleva- 
tion data stored in said digital map means 
electronic-data memory addressed by A/C INS 
position data and using Instantaneous A/C al- 
titude AGL 

20. System according to Claim 9, characterized 
In that said interpolation (46) means com- 
prises, in combination: 

a) an analog input electronic-signal multi- 
plexer means (124) having a plurality of 
input terminals connected to said size-se- 
lector means to receive said sets of 
electrical-signal outputs as said multiplexer 
means inputs and a common output termi- 
nal; 

b) an analog output electronic-signal demul- 
tiplexer means (122), with a common input 
terminal coupled to said common output 
terminal of said analog input electronic-sig- 
nal multiplexer means, and with output ter- 
minals providing output signals from said 
interpolation means; and 

c) synchronous control means (110, 112. 
118, 120) for sequentially advancing the 
output terminal selection of said analog out- 
put electronic-signal demultiplexer means in 
controlled relation to sequentially advancing 
the input terminal selection of said analog 
input electronic-signal multiplexer means, 
and for continuously repeating this cycle 
between predetermined limits, with one cy- 
cle con'esponding to one signal-input sam- 
ple interval (Rg. I8a). 

21. System according to Claim 1, characterized 
In that said detector-signal multiplexer means 
(38, 42, 46) comprises, in combination: 

a) an analog input electronic-signal multi- 
plexer means (180. 190, 200; 210) having a 
plurality of input terminals connected to said 
detector elements of said non-linear detec- 
tor array means to receive said detector- 
element electrical-signal outputs as said 
multiplexer means inputs; 

b) an analog output electronic-signal demul- 
tiplexer means (122), having common input 
terminal coupled to the common output ter- 
minal of said analog Input electronic-signal 
multiplexer means, and having output termi- 
nals providing said plurality of sets of 
electrical-signal outputs of said detector-sig- 
nal multiplexer means; and 

c) synchronous control means (110, 112, 
118, 184. 214, 216. 218) for sequentially 
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advancing the output terminal selection of 
said analog outjput electronic-signal demul- 
tiplexer means in controtied relation to se- 
quentially advancing the input terminal se- 
lection of said analog input electronic-signal s 
multiplexer means, and for continuously re- 
peating this cycle between predetermined 
limits, with one cycle conresponding to one 
signal-Input sample interval (Figs. 23, 24}. 

10 

22. System according to Claim 21 . characterized 
In that said analog input electronic-signal mul- 
tiplexer means comprises a cascade of analog 
signal multiplexers (180. 190, 200) having a 
plurality of input terminals connected to said is 
detector elements of said non-linear detector 
array means and to common output terminals 
of the preceding analog signal multiplexer in 
said cascade, and having the common output 
terminal of the last analog signal multiplexer 20 
(200) in said cascade comprising said common 
output terminal of said analog input electronic- 
signal multiplexer means (Rg. 23). 

2a System according to Claims 20 to 22, char- 25 
acteiized In that said synchronous control 
means comprises analog signal multiplexer de- 
coder means (182. 192, 202, 122. 212) for 
controlling said analog input electronic-signal 
multiplexer means and said analog output 30 
electronic-signal demultiplexer means, and fur- 
ther comprises a binary-number generating 
means (184, 214) for generation of a pair of 
binary numbers, said binary numbers con- 
trolled to change at rates having a controlled 35 
ratio, said binary numbers further controlled by 
being synchronously reset to a predetermined 
common value when the binary number having 
tiie higher rate of change reaches a predeter- 
mined value, with the time interval required to 40 
reach said predetermined value after reset cor- 
responding to one signal input sample interval, 
and having said analog signal multiplexer de- 
coder means controtied by said pair of binary 
numbers. 4S 

24. System according to Claim 23. characterized 
In that said controlled ratio is proportional to 
2**^^', where .c is the fractional part of the 
logarithm, base two. of the ALT scale: Sait/Smm so 
or said controlled ratio Is proportional to the 
ALT scale: Saii/Smin. 



25. System according to Claim 23, characterized 
In that said controlled ratio of said rates of 
change of one of said pair of binary numbers 
is substantially proportional to said one of said 
pair of binary numbers, over the portion of tiie 



55 



range of said binary number conresponding to 
the portion of said non-linear detector-array 
means having generally Increasing interele- 
ment spacings, said pair of binary numbers 
consequentially having an exponential temporal 
relation, wherein said controlled ratio of rates 
of change of said one of said pair of binary 
numbers is further proportional to 2*'^^* or to 
ALT scale: Sait/S^m- 

26. System according to Claim 25, characterized 
In that said synchronous control means, pro- 
viding said controlled ratio, comprises, in com- 
bination: 

a) a dual-section binary-counter means 
(214. 218). witii each of said sections having 
an input clock terminal, said terminal of the 
first of said sections coupled to a frequency 
source means (112); and 

b) a clock-multiplexer means (218) witii de- 
coder means controlled by the binary num- 
ber of ttie second of said sections, said 
clock-multiplexer means having input termi- 
nals coupled to successive binary stages of 
tiie first of said sections and having the 
common output terminal coupled to said 
input clock terminal of the second of said 

. sections (Rg. 24). 

27. System according to Claim 1, characterized 
In that said detector-signal multiplexer means 
(38, 42, 46) comprises In combination: 

a) a plurality of anabg input electronic-sig- 
nal multiplexer means (210) having a plural- 
ity of input tentiinals (34) connected to said 
detector elements of said non-linear detec- 
tor array means to receive said detector- 
element electrical-signal outputs as said 
multiplexer means inputs, and having com- 
mon output terminals (48) of said plurality of 
analog input electronic-signal multiplexer 
means providing said plurality of sets of 
electrical-signal outputs of said detector-sig- 
nal multiplexer means; and 

b) control means (220-226) for Independent- 
ly, sequentially advancing the Input temrtinai 
selection of each of said plurality of analog 
input electronic-signal means, 

wherein said control means comprises ana- 
log signal multiplexer decoder means for 
controlling Input terminal selections of said 
plurality of analog Input electronic-signal 
multiplexer means, and further comprising 
scaling sequential-selection means (226) for 
conti-oiiing said analog signal multiplexer 
decoder means, and 

wherein said scaling sequential-selection 
means sequentially advances input terminal 
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selections of said plurality of analog input 
electronic-signal multiplexer means between 
predetermined limits determined by ALT 
scale, with a continuous repetitive cycling 
between said predetermined limits and with s 
the time interval of one cycle corresponding 
to one averaged signal input sample inter- 
val. 

2a System according to Claim 27, characterized io 
In that said scaling sequential-selection means 
consists of a digital preset counter means 
(222) having its count advanced by being cloc- 
ked by a frequency source means (224), and 
further consisting of a digital comparator le 
means (220) for comparing said count with a 
first predetermined limit, having preset means 
for presetting said preset counter to a second 
predetermined limit when tiie said count ex- 
ceeds said first predetermined limit and having so 
said count of said preset counter means (222) 
property scaled by a ROM (226) in relation to 
the topology of said detector elements of said 
non-linear detector-anray means, for control of 
said analog signal multiplexer decoder means 25 
(210). 

29. System according to Claim 27, characterized 
In that said predetermined limits are linearly 
related to ALT scale and are further proper- 30 
tional to the Index of the said analog input 
electronic-signal multiplexer means common 
output terminals, said index being integer num- 
bers predetermined by tiie mapping topology 

of said detector-signal multiplexer means. 35 

30. System according to Oaim 29. characterized 
In that said predetermined limits are linearly 
related to ALT scale and are further propor- 
tional to said Index witii offsets related to said 4o 
index over a first portion of said non-linear 
an-ay means corresponding to a non-linear por- 
tion of said non-linear anray, and witi) constant 
offsets over a second portion of said non-linear 
array means con'esponding to a linear portion 45 
of said non-linear an-ay. 

31. System according to any one of Claims 20, 21, 
22, 27. 28, 29 or 30, Characterized In that 
said analog input electronic-signal multiplexer 50 
means Is controlled by said control means to 
sequentially sample said non-uniform ly spaced 
detector elements of said non-linear detector- 
array means with a substantially constant scan- 
ning velocity over said non-linear detector ar- 55 
ray means, during a given said signal-Input 
sample Interval. 



32. System according to one of the preceding 
claims, characterized In that said detector- 
signal multiplexer means furttier Includes 
electrical-signal data storage means (144, 158) 
providing digital output signals at a nonuniform 
rate proportional to the ACT sampling frequen- 
cy. 

33. System according to Claims 32, character- 
ized In that said ACT sampling frequency is 
controlled to be proportional to R, where R is 
tiie instantaneous range to tiie ground imagery 
being scanned by said system, where R cor- 
responds to H/COS(A) of said system, said 
system being mounted in an aircraft where H 
is ttie instantaneous altitude AGL of said air- 
craft and A is the instantaneous scan angle 
from nadir of said system or R is computed 
from scan angle from nadir, from ten-ain eleva- 
tion data stored in a digital map electronic data 
memory addressed by A/C INS position data, 
and from the instantaneous A/C altitude AGL at 
nadir. 
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